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Abstract 
The assessment of reactor pressure vessels, usually based on crack initiation, could be completed using the crack arrest concept. 
The methodology classically recommended in safety codes and standards does not take into account the dynamic effects which are 
very important in crack arrest phenomena. To overcome this difficulty, a local crack arrest criterion has been recently proposed by 
some of the authors, for cleavage crack propagating in a low alloy bainitic steel: the crack propagates since the largest principal 
stress reaches a critical stress that depends on temperature. This study deals with the modeling of crack arrest experiments 
performed on A533-C1.B type steel with this criterion. Crack arrest was obtained on CT under isothermal conditions at –150°C and 
–125°C. The crack arrest criterion was identified with 2D computations. The application of this criterion shows that the crack 
propagation versus time leads to a good prediction of the crack speed and of the crack length. 
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1. Introduction 
For reactor pressure vessels (RPV) of pressurized water reactors (PWR), the crack arrest methodology as defined 
by Griffith, which requires a temperature dependent crack arrest toughness KIa(T), could be used as a supplementary 
level of safety, that completes the initiation fracture toughness design [1]. 
However, the transferability of the limit crack arrest curve KIa(T), as given by the ASTM standard (ASTM) to 
components like pressure vessels submitted to pressurized thermal shocks is not well established. Furthermore, the 
influence of dynamic effects can question the use of a static parameter like KIa [2]. In fact, results showed that the 
arrest fracture toughness depends on the geometry, and it depends on initial crack length too [3]: the specimen 
vibration interacts with the crack propagation. Since structural dynamics intervenes in the crack arrest phenomenon, 
the application of the global approach of dynamic fracture mainly based on analyses of semi-infinite body, i.e. without 
vibration, is questionable. 
To overcome this difficulty, a local crack arrest criterion has been recently proposed by some of the authors, for 
cleavage crack propagating in a low alloy bainitic steel [4]. According to this hypothesis, the crack propagates as long 
as the largest principal stress reaches a critical stress depending on temperature.  
This work aims at applying this local stress fracture criterion in 2D-modeling of isothermal crack arrest 
experiments on CT specimen.  
Isothermal crack arrest tests on CT specimen are first presented. Then, the numerical procedures for the finite 
element modeling of these tests are detailed. Finally, the results of the prediction with the local approach are 
discussed. 
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2. Material and experiments 
2.1. Material 
A French steel 18MND5 (equivalent to the American ASTM Standard A533-B) extracted from a heavy section 
rolled sheet was studied. Its composition in weight% is 0.19C, 1.5Mn, 0.66Ni, 0.48Mo, 0.004P, <0.001S, 0.23Si, 
0.17Cr. The material was submitted to a heat treatment inducing a tempered bainite microstructure. The RTNDT was 
measured about -32°C.  
Following the results of electron back scattered diffraction texture analysis, the material is supposed to have an 
isotropic behavior. Its mechanical behavior was characterized by tensile tests, compressive tests and Hopkinson bar 
test at different strain rates and different temperatures ranging from –196°C up to –300°C. 
2.2. Experiment 
In order to study crack arrest properties of the material, isothermal experiments were carried out at -150°C and  
-125°C on compact tensile specimens. These experiments were proposed by [5] and the tests were carried out at CEA. 
Compact tensile specimens are CT25 (ASTM E1820), with a thickness reduced to 10mm. The loading was performed 
by a prescribed crack opening displacement speed. The crack opening displacement is measured with a clip gage.  
Crack gages glued on both sides of the specimen along the crack path and coupled with a high-speed acquisition 
system allows the measurement of the instantaneous crack speed on both specimen sides. The crack propagates at an 
average speed before decelerating during the last few centimeters of the propagation (Fig. 1). A large scatter for the 
average crack speed is obtained from 80 m.s-1 to 600 m.s-1 (Table 1). 
At the end of the test, specimens were submitted to fatigue loading in order to mark the arrest crack front. 
Fractographic observations were then performed in order to measure the crack initiation length, a0, and the crack arrest 
length, aarrest on both specimen sides (Fig. 1) [6]. The fracture mode is cleavage all along the crack propagation and the 
crack stops in cleavage without ductile damage (Fig. 2). 
Experimental results Numerical predictions 
aarrest (mm) Average speed (m.s-1)Number Temperature 
(°C) 
a0
(mm) 
F0 (kN) 
Side A Side B Side A Side B 
aarrest
(mm) 
Average speed 
(m.s-1) 
138AB -150 24.8 8.1 36 36 132 84 38.6 84 
138F -150 25.4 9.5 45.1 43.3 333 371 46.6 271 
138I -150 25.5 24.5 50 50 590 521 - - 
138J -150 24.8 12.9 48.6 48.6 511 467 50 547 
138K -150 25.3 14.4 50 48.3 486 486 - - 
138M -150 24 15.5 48.8 45.2 - 486 50 610 
138V -150 25.2 7.9 39.4 37.6 - - - - 
138L -125 24.8 12.2 45 45 420 362 45.8 211 
138T -125 24.8 14.7 46.6 46.6 508 509 48.4 380 
138O -125 25.2 32 50 49.3 587 506 - - 
138Z -125 24.5 24.1 50 49.6 597 588 - - 
138H -125 25.2 19 50 50 - 607 49 589 
Table 1. Experimental results and numerical predictions 
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Fig. 1. CT n° 138L, -125°C – (a) macrography – (b) crack length versus time 
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Fig. 2. CT n° 138L, -125°C - cleavage facets at crack arrest 
3. Numerical modeling 
3.1. Local stress criterion 
Since crack propagates and stops in cleavage mode, Berdin et al. [4] proposed to predict crack propagation and 
arrest by a simple maximal principal stress criterion: the crack stops as soon as the maximal principal stress σ1 is less 
than a critical stress σc into a volume defined by the size λc. The crack propagates again if the maximal principal stress 
reaches again the critical stress. The crack propagation criterion can then be expressed by (Eq. 1 and 2). 
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where 1, , cσ σ σ
 are respectively the stress tensor, the maximal principal stress, the critical stress and a  is the 
crack speed. The criterion is equivalent to the RKR [7] criterion proposed as a deterministic criterion to predict 
cleavage crack initiation. The difference lies in the critical length which is a critical distance from the crack tip for the 
RKR criterion. In this work, the characteristic length is related to the volume over which the fracture criterion is 
satisfied, irrespectively with the distance of the crack tip.  
3.2. Numerical procedure 
Finite element modeling was performed in order to obtain an accurate description of the mechanical fields ahead of 
the propagating crack. The finite element code, code _Aster, developed by EDF was used for the computations. 
2D mechanical analyses were performed under plane strain assumption. For symmetrical reasons, only a half of the 
section of the CT specimen was meshed. The mesh was composed with 6399 linear elements with full integration. 
Along the crack path, elements are squares of 50x50 μm2. The initial crack was represented by a free surface. The 
vertical nodal displacement is locked for the crack ligament to model the plane symmetry. The experimental stiffness, 
evaluated with the experimental results, is modeled with a spring (Fig. 3.). 
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Elastic-viscoplastic computations under full dynamic transient analysis were carried out. The strain rate dependence 
of the material behavior was supposed to follow the Cowper-Symonds law (Eq.3) and the strain hardening was 
represent by a exponential law (Eq. 4). 
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where σ eq is the Von Mises equivalent stress, T is the temperature, ε
p
eq is the Von Mises cumulated equivalent 
plastic strain. As proposed by Hajjaj [3], the parameters of the Cowper-Symonds law are 8 10 10 sε
−
=  and p=12. For T=-
150°C, R0 =626MPa, Q=398MPa and b= 11.5; for T=-125°C, R0=559MPa, Q=387MPa and b=12.4MPa. 
The criterion used in this work, does not take into account cleavage initiation : the cleavage initiation is imposed 
prescribing the load to fracture initiation as experimentally. This first stage of computation is made with static 
approach. Since 2D-plane strain assumption is made, the stress computed ahead of the crack tip is different from the 
stress in the actual 3D-problem. However, the computation time is too large to carry out such 3D computations. 
Then, the crack propagation is modeled with dynamic computations. For the first millimeter, the propagation of the 
crack is imposed at a crack speed of 1000m.s-1. Then, the crack propagation is driven by the local stress criterion 
describes in section 3.1. This criterion is numerically developed in an explicit way, although the mechanical problem 
is solved using implicit time integration of the global and local equation with Code_Aster. So, the criterion is verified 
at the beginning of each time step t, on the mechanical state computed at the previous time step t-dt. This 
implementation allows the maximal principal stress to be slightly greater than the critical stress. In this computation, 
the time increment is equal to 10-8s in order to limit the overstress. 
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Fig. 3. CT specimen– (a) mesh – (b) loading conditions 
3.3. Comparison with experiments 
The identification of the critical stress was made at –150°C and at –125°C. At each temperature, the value of the 
critical stress, σc, is chosen in order to have a good modelling of the crack velocity and the crack jump for all the tests. 
At –150°C, σc is equal to 2000MPa.m
1/2 and at –125°C, σc is equal to 2100MPa.m
1/2. These values are close to the 
value identified by Berdin et al. [4] on a thermal shock test on precracked ring. 
The comparison between experiments and computations (Fig4. and table1) show that we obtained a good 
prediction of the crack velocity even for very different crack velocities and a good prediction of the crack jump. We 
can notice, for some experiments, a global time shift of a few microseconds between experiment and predicted curves: 
this is explained by experimental uncertainties and by crack initiation are not accurately modeled. Nevertheless, the 
shape and the slope of the curve are still correctly predicted. 
A. Dahl et al. / Procedia Engineering 10 (2011) 1853–1858 1857
Then the relation between the crack arrest and the structural dynamic was studied (Fig.5). First, we notice that the 
crack opening displacement (COD) does not increase at the beginning of the propagation but only a few micro seconds 
after. This delay is explained by the propagation of the surface waves form the crack tip to the edge of the specimen. 
Furthermore, crack arrest and crack closure occur approximately at the same time as observed by Hajjaj [3]. The crack 
arrest phenomenon is very linked to the global dynamics of the structure. Dynamics computations with the correct 
crack speed are thus needed to simulate crack arrest phenomenon. 
 (a) (b) 
Fig. 4. Comparison between experiment and computation – (a) T=-150°C – (b) T=-125°C 
Crack arrest 
time
Fig. 5. Computational Crack length and COD versus time for 138L specimen 
4. Conclusion 
Crack arrest was obtained on CT specimens under isothermal conditions at –150°C and –125°C (tests performed at 
CEA). Fractographic analysis show that crack propagation and arrest occur in cleavage mode that allowed us to use a 
local stress criterion based on the maximal principal stress proposed by Berdin et al. [4] for simulating these 
experiments. The computations show that this criterion is able to predict the crack jump and also the crack velocity 
even for very different crack velocities. The values of the critical stress identify on these isothermal test are close to 
the values identify by Berdin et al. [4] on a thermal shock test on disc specimen. A study of the structural dynamic 
shows that the crack arrest phenomenon is linked to the global dynamics of the structure; indeed, the crack arrest and 
the crack closure occur approximately at the same time as already observed by Hajjaj et al. [3].  
Computations on other geometries have to be carried out in order to confirm these conclusions. 
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